Metal halide perovskite semiconductors have the potential to enable lowcost, flexible, and efficient solar cells for a wide range of applications. Physical vapor deposition by co-evaporation of precursors is a method that results in very smooth and pinhole-free perovskite thin films and allows excellent control over film thickness and composition. However, for a deposition method to become industrially scalable, reproducible process control and high device yields are essential. Unfortunately, to date, the control and reproducibility of evaporating organic precursors such as methylammonium iodide (MAI) have proved extremely challenging. We show that the established method of controlling the evaporation rate of MAI with quartz microbalances (QMBs) is critically sensitive to the concentration of the impurities MAH 2 PO 3 and MAH 2 PO 2 that are usually present in MAI after synthesis. Therefore, controlling the deposition rate of MAI with QMBs is unreliable since the concentration of such impurities typically varies from one batch of MAI to another and even during the course of a deposition. However once reliable control of MAI deposition is achieved, we find that the presence of precursor impurities during perovskite deposition does not degrade the solar cell performance. Our results indicate that as long as precursor deposition rates are well controlled, physical vapor deposition will allow high solar cell device yields even if the purity of precursors changes from one run to another.
INTRODUCTION
Solar-to-electrical power conversion efficiencies (PCEs) of solar cells based on metal-halide perovskite semiconductors have risen from just 3.8% in 2009 1 to over 24.2% 2 in less than a decade. These perovskite semiconductors possess many properties that are ideal for energy generation, including lowenergy cost for fabrication, 3 low Shockley−Read−Hall recombination rates, 4 high charge-carrier diffusion lengths and mobilities, 5 and a high absorption coefficient across much of the solar spectrum. 6 The ability to change stoichiometry to tune the band gap has recently enabled a range of planar heterojunction tandem solar cells to be realized including perovskite−silicon, 7 perovskite−CIGS, 2 and perovskite−perovskite 8 devices.
The first efficient perovskite solar cell with a planar heterojunction architecture was fabricated using the technique of vapor co-deposition in 2013. 9 In this process, organic and inorganic precursors such as methylammonium iodide (MAI) and PbI 2 are heated simultaneously in separate furnaces under vacuum. These precursors condense and react on a substrate resulting in polycrystalline perovskite film growth. Co-evaporated films grown by this method have great potential for scalable production of perovskite photovoltaics since they are uniform and free of pinholes 9,10 over a large area. The film thickness can also be controlled very accurately. 11, 12 Furthermore vapor-deposited films are extremely smooth, enabling fundamental studies that require well-define interfaces and low light scattering. 13−15 Recently, it has been shown that a wide range of hybrid perovskite materials can be coevaporated, including FAPbI 3 , 1 0 CsPbI 2 Br, 1 6 and Cs 0.5 FA 0.4 MA 0.1 Pb(I 0.83 Br 0.17 ) 3 , 17 where FA=CH(NH 2 ) 2 and MA=CH 3 NH 3 . Co-deposition is also particularly promising for the perovskite−perovskite tandem and multijunction solar cells as it avoids the need for solvent orthogonality required during solution processing. 18 However, the vast majority of research to date on metalhalide perovskite solar cells has concentrated on alternative methods that require solvents such as spin-coating, 19, 20 doctor-blading, 21,22 two-step deposition, 23 and solvent annealing. 24 The question arises as to why vapor co-deposition is currently underutilized. The reason in large part originates from the difficultly in reliably controlling the co-deposition process, in particular rate control of the organic precursors such as MAI. 25−27 Researchers have struggled to overcome this challenge. While some workable solutions have been reported, the underlying reasons why methylammonium iodide is so hard to evaporate controllably have not been investigated in detail. 28 Here, we show that the reliable production of MAPbI 3 thin films via co-evaporation of MAI and PbI 2 is critically dependent on impurities within the organic (MAI) precursor. We focus on two impurities MAH 2 PO 3 and MAH 2 PO 2 , as they are both commonly found in MAI powders as byproducts of MAI synthesis. 29 Their influence on the deposition of perovskite films has not been studied widely and has not been investigated for vacuum deposition at all. We find that these impurities themselves have a dramatic effect on controlling and regulating the deposition rate of MAI with quartz microbalances (QMBs). While the impurities affect the control of the deposition process, we find that the impurities have little impact on device performance. Our results help explain the difficulties researchers have faced in controlling the metal-halide perovskite co-deposition and allow us to propose more reliable deposition methodologies to overcome these problems. In addition, this study indicates that high-purity precursors are not required to vapor deposit solar cells with reasonable power conversion efficiency.
Several different strategies have been reported previously to control and monitor the evaporation rate of MAI during coevaporation. Quartz microbalances (QMB) are commonly used to monitor the growth rate of evaporated thin films. 30 For the deposition of MAPbI 3 , QMBs facing the MAI crucible have been employed, 9, 14 as well as QMBs that are deliberately turned away from the crucible to measure the pressure in the chamber instead of the direct deposition rate. 31 A third approach utilizes a standard pressure gauge to measure the chamber pressure to control the MAI deposition. 26, 32, 33 The two latter approaches are often adopted after the standard QMB rate measurement could not be successfully employed to monitor and control the MAI deposition.
Many authors report difficulties determining the rate of MAI vapor deposition with standard QMBs. For example, Malinkiewicz et al. 25 commented that they were unable to calibrate the QMB sensor by measuring the thickness of the deposited MAI film. Borchert et al. 32 noted that the MAI rate can often not be properly recorded using a QMB, and Zhao et al. 33 similarly reported that they experienced difficulty calibrating and monitoring the MAI rate with a QMB and therefore decided to monitor the pressure instead. Unfortunately, the chamber pressure can depend on many factors, for example, small leaks in the chamber, residual water, and other chemicals outgassing from the chamber walls and volatile impurities in the precursors. Therefore, it is hard to draw a straightforward connection between the chamber pressure and the rate of MAI evaporation. A wide range of chamber pressures during evaporation has been reported, from around 3 × 10 −3 mbar 34 to as low as 3 × 10 −6 mbar, 14 with many groups reporting values in the 10 −4 −10 −5 mbar range. 12, 26, 27, 32, 33, 35 To study the composition of the residual gas in the vacuum chamber, we used mass spectroscopy. Only a few mass spectroscopy studies relating to MAI or MAPbI 3 have been reported in the literature. Most of these studies have focused on the decomposition of MAPbI 3, 36,37 while Baekbo et al. performed combined QMB and mass spectrometry measurements to show that MAI has a low sticking coefficient and appears to decompose into CH 3 NH 2 and HI on the way from the crucible to the substrate. 38 We used two methylammonium iodide (MAI) batches of different purities to deposit MAPbI 3 thin films: one high-purity MAI batch and one low-purity MAI batch, which contained impurities MAH 2 PO 3 and MAH 2 PO 2 . Both of these impurities have a lower melting point than MAI. MAH 2 PO 2 is a viscous liquid at room temperature, and MAH 2 PO 3 melts around 60°C
. 29 In the vacuum chamber, MAH 2 PO 3 evaporates around 55°C, which is well below the evaporation temperature of MAI. We characterized both MAI batches with NMR measurements and infrared absorption spectroscopy. To understand the influence of the impurities on the coevaporation of methylammonium lead triiodide (MAPbI 3 ), we monitored precursor fluxes using an in situ residual gas analysis (RGA) system and QMBs. The deposited films were also characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Finally, we fabricated solar cells and studied their performance. Together, these data explain the origin of the problems faced in previous studies in controlling the MAI flux and hence the MAPbI 3 layer quality and reproducibility. This understanding opens the way for more reliable and reproducible methods for the co-deposition of metal-halide perovskite semiconductors.
RESULTS AND DISCUSSION
To study the influence of impurities on the co-evaporation of methylammonium lead iodide, we synthesized and compared a high-purity MAI batch with a low-purity MAI batch. Levchuk et al. 29 previously identified two main impurities in MAI: MAH 2 PO 3 and MAH 2 PO 2 , both of which are formed during the synthesis of MAI and derived from H 3 PO 2 . The source of the H 3 PO 2 impurity is likely to originate from HI solutions used in the synthesis of MAI, since commercial HI is typically stabilized with H 3 PO 2 . Depending on how the MAI is washed and purified after the synthesis, different concentrations of MAH 2 PO 3 and MAH 2 PO 2 remain. First, we wanted to find out if these impurities influenced the efficiency of solar cells fabricated with our co-evaporated methylammonium lead iodide semiconductor films.
The high-purity methylammonium iodide was synthesized by mixing H 3 PO 2 -stabilized HI and methylamine (CH 3 NH 2 ) in ethanol at room temperature. In contrast to the standard purification process with diethylether and ethanol only, 1,39−41 we recrystallized our material from the saturated hot solutions of MAI in ethanol, leaving all impurities in the solute. The lowpurity MAI batch was purified only once with diethyl ether.
The deposition parameters for both high-purity and lowpurity MAI batches were optimized separately so that efficient solar cells could be fabricated with either. It was not possible to use a QMB to monitor the high-purity MAI flux (as discussed in Section 2.4 of the Supporting Information (SI)), therefore optimization involved repeated co-evaporation of MAI and PbI 2 first varying the temperature setpoints for the MAI source each time and subsequently varying the deposition time. A standard solar cell device architecture consisting of C 60 and Spiro-OMeTAD as contact layers was used (see Supporting Information, Section 4 for details). Stabilized efficiencies of 15.7% for the low-purity batch and 15.3% for the high-purity
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Research Article MAI were achieved. The current−voltage (J−V) curves for each of the champion cells are shown in Figure 1a ,b. For both champion cells, the forward (red line) and reverse scans (blue line) are shown and a small amount of hysteresis is found probably related to an imperfect n-contact. 14 We found that while the different purity batches of MAI had different optimal source temperatures and depositions times, we were able to achieve nearly equal efficiencies using MAI precursors of different purities. This result for vapor-deposited devices is in stark contrast to the effect of the impurities MAH 2 PO 3 and MAH 2 PO 2 on solution-processed solar cells. Levchuk et al. 29 reported that during solution processing, these impurities in MAI can influence the MAPbI 3 crystallization, grain size, and solar-cell performance. They found that the solar cell solution processed from less pure MAI actually performed better than that made using highly purified MAI. This contrast highlights the different mechanisms of perovskite crystal formation between vapor-and solution-based deposition methods and their sensitivity to impurities.
While optimized solar cell performance was similar between vapor-deposited devices from different purity MAIs, we observed drastic differences between the deposition rates of MAI as observed by the QMBs. To gain a better understanding of how the impurities MAH 2 PO 3 and MAH 2 PO 2 influenced the observed MAI deposition rates, we performed a systematic study in which we continuously monitored three QMBs and sampled the residual gas in the deposition chamber. The three QMBs were positioned in the chamber so that one was 5 cm above each source (MAI and PbI 2 ) and one was at the same height as the substrate. The temperature of each source was monitored via K-type thermocouples in contact with the bases of the crucibles containing the MAI and PbI 2 precursors. Mass spectroscopy was performed continuously via a sampling RGA system connected directly to the deposition chamber at a height intermediate between the deposition sources and the sample substrate.
For these depositions, the temperature of the source containing MAI was set to a constant target temperature. The proportional-integral-derivative (PID) controller of the MAI source was intentionally detuned so that the measured temperature oscillated about the target. These oscillations were used to identify the MAI rather than PbI 2 as the source of the iodine signal in the RGA measurements. To achieve this, the PID control of the PbI 2 source temperature (based on QMB feedback) was well tuned, with the source temperature remaining constant for the duration of the deposition (as shown in the Supporting Information, Section 2.3). Therefore, we could use the temperature oscillations of the MAI source to assign unambiguously the changes seen in the RGA and QMB measurements to the MAI flux.
First, a MAPbI 3 film was deposited using a low-purity MAI batch. Figure 1c shows the MAI source temperature (red line) as a function of deposition time with the rate signal from the QMB closest to the MAI source overlayed (blue line). As expected, it can be seen that the small temperature oscillations associated with the detuned PID parameters lead to a large fluctuation of the QMB-observed deposition rate. The QMB signal could, in this case, have easily been used as a feedback to control the source temperature for even deposition rates. In contrast, Figure 1d shows a repeat deposition in which the lowpurity MAI was replaced with the high-purity MAI. While the source temperature also oscillates, the apparent rate measured by the QMB for the high-purity MAI was very low and indistinguishable from the noise floor of the measurement. As such, QMBs clearly cannot be used as part of a control feedback loop when high-purity MAI is deposited. Thus, the QMB behaved quite differently during these two depositions and showed completely different apparent rates for the two 
Research Article different depositions. These results could mean that either there is actually less MAI evaporated when high-purity MAI is used or they could point to a discrepancy between the apparent rate on the QMB and the actual rate of MAI evaporation. The fact that both depositions produced MAPbI 3 perovskite films points to a problem with the apparent rate measured by the QMB when purified MAI is being evaporated. This explanation is confirmed by the in situ RGA data and analysis of the material deposited on the QMBs, as detailed below.
During the deposition shown in Figure 1c ,d, the composition of the residual gas in the evaporation chamber was measured using the RGA. The evolution of the selected mass spectroscopy peaks over the course of the evaporations is displayed in Figure 1e ,f, and the selected peaks are identified as originating from iodine (blue) and the impurity MAH 2 PO 3 (green) (the assignment of these peaks is discussed later). For the case of high-purity MAI, it is immediately clear from comparison of Figure 1d ,f that MAI is indeed being evaporated. The oscillation of the iodine RGA peak, which correlates with the source temperature, shows that the gaseous iodine originates from the high-purity MAI in the source. Therefore, in support of the above argument, even when the QMB is reading zero, MAI is still being evaporated, so the problem lies with the QMB not reading correctly when MAI is particularly pure, not with the actual MAI flux emitted from the furnace.
For an effective use of the residual gas analysis system to monitor the evaporation, a correct assignment of mass spectroscopy peaks to the originating material is essential. As mentioned previously, the main impurities in MAI are MAH 2 PO 3 and MAH 2 PO 2 ; 29 therefore, to identify them in the mass spectrum during co-evaporation, we performed one evaporation with only the high-purity MAI and another with only MAH 2 PO 3 in the crucible. In Figure 2 , we compare the MAI mass spectrum (in blue) with the MAH 2 PO 3 spectrum (flipped in red below for clarity) to find unique peaks in each of the spectra. Two different detectors were installed in the mass spectrometer: the low-mass spectrum for the Faraday detector is displayed in Figure 2a , while the higher-mass spectrum obtained with a secondary electron multiplier (SEM) is shown in Figure 2b . It is evident from the comparison of the mass spectra of MAI and MAH 2 PO 3 in Figure 2a that for small masses, the two spectra are very similar. Peaks at 36 and 38 m/ z allow us to identify MAH 2 PO 3 uniquely even in the presence of a MAI background. In the higher range of the spectrum shown in Figure 2b there are several peaks (at 64, 127, and 128 m/z), which are only present in the MAI spectrum and clearly originate from iodine present in MAI. As discussed above, the development of these unique peaks over time during the evaporation is depicted in Figure 1e ,f.
We now consider the variability of impurity concentrations in MAI obtained from a range of commercial suppliers and discuss how this might affect the control and reproducibility of MAPbI 3 vapor co-deposition. We performed NMR measurements on seven different MAI batches (see Supporting Information, Section 1.1 for details and batch numbers), including our lab-synthesized high-purity and low-purity MAI discussed above. Figure 3a shows the proton NMR ( 1 H NMR) spectra for samples from each of these batches, and a summary of their NH 3 proton peak positions and the corresponding full width at half-maximum (FWHM) is displayed in Figure 3b . Levchuk et al. 29 have shown previously that the NH 3 proton .45 ppm to focus on the NH 3 proton MA peak. A clear shift of the peak maximum for different batches is observed. (b) Summary of the peak position and full width at half-maximum (FWHM) of the peak around 7.5 ppm for several MAI batches. A higher FWHM indicates that the batch is rich in MAH 2 PO 3 . A higher peak position indicates that it is rich in MAH 2 PO 2 . 29 
Research Article NMR peak shifts toward higher values when more MAH 2 PO 2 impurity is present, whereas the peak broadens with increasing MAH 2 PO 3 impurity concentration. We find that our highpurity MAI has the smallest FWHM and peak position of all samples, which is in agreement with Levchuk et al.'s observation. Figure 3b shows significant variations in the concentrations of MAH 2 PO 2 and MAH 2 PO 3 impurities in the commercially available MAI. The dependence of the apparent deposition rate on a QMB on the impurity concentration therefore explains the challenges of the control and measurement of the MAI rate during evaporation, which have been reported in the literature.
As shown in Figure 3 , 1 H NMR measurements reveal that different commercial batches of MAI contain vastly different amounts of the two studied impurities. While the MAI batch obtained from Dyesol (now Greatcell Solar Materials) contains small amounts of MAH 2 PO 3 and MAH 2 PO 2 , it is the purest of the commercial samples. The batch from Sigma-Aldrich contains a small amount of MAH 2 PO 3 and a significant amount of MAH 2 PO 2 . In contrast, the MAI batch from Ossila (>99.9% purity) is very low in MAH 2 PO 2 and contains some MAH 2 PO 3 . Finally, the batch obtained from Solaronix contains the highest concentration of both of these impurities. In comparison with these commercial samples, our lab-synthesized low-purity MAI sample is still relatively pure.
The question remains as to why the apparent rate of MAI deposition recorded by a QMB is so sensitive to small changes in the concentration of impurities in MAI. As discussed above, during evaporation runs, we observed that the reading of the quartz balance, which is mounted close to the MAI source, depends dramatically on the batch of MAI that is used ( Figure  1c,d) . When the low-purity MAI is used, a rate is easily detected. In contrast, when the high-purity MAI is used, the rate is low from the beginning and drops off quickly. The apparent deposition rates recorded by the QMB are vastly different even for runs that result in perovskite films of the same thickness (see Supporting Information, Section 3.2). To understand why the QMBs seem to fail in the case of MAI evaporation, we characterized the films deposited on the quartz crystals themselves. After a full co-evaporation run, we removed the QMB crystals from the chamber and performed scanning electron microscopy (SEM) and attenuated total reflectance (ATR) infrared absorption measurements to investigate any deposits on the QMBs.
Cross-sectional scanning electron micrographs of QMB sensors that monitored the MAI deposition rates from lowpurity and high-purity MAIs are displayed in Figure 4a ,b, respectively. The low-purity MAI formed a thick MAI layer with grains closely packed (Figure 4a ) in stark contrast to the high-purity MAI, which produced a much thinner layer of platelets on the QMB crystal (Figure 4b ). To confirm that the material deposited on the QMB in each case was indeed MAI, we performed ATR infrared absorption measurements on each QMB, and the resulting spectra are presented in Figure 4c . The vibrations related to the NH 3 + -bend appear at 2701, 1559, and 1414 cm −1 , while the vibrations relating to the NH 3 CH 3 + -rock occur at 1244 and 905 cm −1 . 42 The ATR signal from the QMB sensor used during the high-purity MAI deposition is much weaker than that from the low-purity MAI. However, both do show the expected peaks for MAI, indicating that films of MAI are present in both cases, albeit of considerably different thicknesses. Thus, it appears that in both cases, MAI is deposited onto the source monitor crystal, but much less material adheres to the crystal when high-purity MAI is used compared with when low-purity MAI is used, even when the same thickness of MAPbI 3 is grown on the substrate.
The large differences between the high-and low-purity MAIs seen in the SEM image and the IR spectrum of the source QMB are consistent with the difference in the detected MAI rate during the evaporation run displayed in Figure 1c ,d. In both evaporation runs, nearly the same thickness of MAPbI 3 was grown on the substrate (see Supporting Information, Section 3.2). Evidently, enough MAI was deposited to achieve the desired composition as only very small lead iodide peaks appear in the XRD of the grown MAPbI 3 films (see Supporting Information, Section 3.1). But from the apparent rate measured by the QMB at the MAI source, one would incorrectly conclude that much less MAI was present during the evaporation with the high-purity MAI than during the run using the low-purity MAI.
Together, these measurements indicate that the sticking coefficient of pure MAI to the gold surface of the QMB is vanishingly small; however, in the presence of the impurities MAH 2 PO 3 and MAH 2 PO 2 , MAI adheres significantly better to the gold surface. A possible mechanism for this could be that the impurities form small clusters on the gold surface, which then act as nucleation centers for MAI growth. A more detailed study would be required to test this hypothesis.
CONCLUSION AND OUTLOOK
To understand better the processes occurring within the vacuum chamber during the co-evaporation of MAPbI 3 and the influence of impurities, we utilized lab-synthesized MAI batches with two different purities and several commercial 
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Research Article MAI batches for comparison. We performed depositions with different MAI batches and monitored the evaporation using quartz microbalances, a residual gas analysis system, and pressure and temperature sensors. Subsequently, we characterized the resulting films and solar cells. We found that the sticking coefficient of MAI to the gold surface of a quartz microbalance is highly sensitive to the concentration of impurities in MAI. Thus, for the same MAI flux, the thickness of the MAI film deposited onto the balance varies greatly depending on which batch is used. This explains why some groups report great difficulty with the QMB-based control of MAI deposition flux, while others were able to control the MAI rate with quartz balances.
The presence of MAH 2 PO 3 and MAH 2 PO 2 increases the sticking coefficient of MAI to the QMB and allows the deposition rate feedback control. This suggests that controlled concentrations of these impurities in the MAI precursor could allow reproducible QMB-controlled depositions. However, we find that the concentration of MAH 2 PO 3 impurity varies during evaporation, as can be seen in Figure 1e ,f. This suggests that the impurities preferentially outgas from the precursor at the beginning of the deposition, which is likely to lead to changes of the sticking coefficient of MAI to the QMB during an evaporation run. Thus, it is expected that the apparent MAI deposition rate as measured by a QMB will vary from the true rate over the course of a co-deposition.
Therefore, we find that QMBs on their own are not very reliable for monitoring MAI evaporation. Thus, additional monitoring methods should be used, for example, residual gas analysis or in situ XRD. 32 Residual gas analysis can additionally be useful to monitor deposition rates, detect possible water or halide contamination, and check for vacuum leaks. We also found that the concentration of impurities measured in the residual gas changed over the course of the deposition (see Figure 1e ,f) which also complicates the QMB-based rate control even when sufficient MAI does stick to it.
In spite of difficulties in controlling the MAI deposition rates, we were able to optimize MAPbI 3 co-deposition for a batch of high-purity and a batch of low-purity MAI. The resulting solar cell devices had a similar performance, indicating that the impurities MAH 2 PO 3 and MAH 2 PO 2 have little effect on the function of co-evaporated MAPbI 3 . These results are very promising, as they show that we have not yet reached the full potential of vapor-deposited solar cell performance owing to a lack of reliable process control. Once an accurate rate control of all precursors is achieved, rapid growth optimization will be achieved, which should lead to significant improvement in the performance and reproducibility of vapor-deposited metal-halide solar cells. An overall understanding of the source of growth irreproducibility and developing better deposition control methods will enable vapor co-deposition to become the method of choice for upscaling solar cell production to an industrially relevant scale.
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